Characterization of spatial patterns of functional microbial communities could facilitate the understanding of the relationships between the ecology of microbial communities, the biogeochemical processes they perform and the corresponding ecosystem functions. Because of the important role the ammonia-oxidizing bacteria (AOB) and archaea (AOA) have in nitrogen cycling and nitrate leaching, we explored the spatial distribution of their activity, abundance and community composition across a 44-ha large farm divided into an organic and an integrated farming system. The spatial patterns were mapped by geostatistical modeling and correlations to soil properties and ecosystem functioning in terms of nitrate leaching were determined. All measured community components for both AOB and AOA exhibited spatial patterns at the hectare scale. The patchy patterns of community structures did not reflect the farming systems, but the AOB community was weakly related to differences in soil pH and moisture, whereas the AOA community to differences in soil pH and clay content. Soil properties related differently to the size of the communities, with soil organic carbon and total nitrogen correlating positively to AOB abundance, while clay content and pH showed a negative correlation to AOA abundance. Contrasting spatial patterns were observed for the abundance distributions of the two groups indicating that the AOB and AOA may occupy different niches in agro-ecosystems. In addition, the two communities correlated differently to community and ecosystem functions. Our results suggest that the AOA, not the AOB, were contributing to nitrate leaching at the site by providing substrate for the nitrite oxidizers.
Introduction
Soil microorganisms are an integral part of the biogeochemical cycles and have key roles in ecosystem functioning. To increase our understanding of the mechanisms driving the distribution of microorganisms and the processes shaping these communities, characterization of their spatial patterns at various scales has become of great interest. Spatial analysis of microbial diversity have revealed a significant effect of distance on the taxa distribution of soil microorganisms ranging from a few centimeters to meters and even kilometer at the landscape scale (Franklin and Mills, 2003; Ritz et al., 2004; Dequiedt et al., 2009; Philippot et al., 2009a) . However, Green et al. (2008) recently underlined the importance of focusing on trait-based rather than taxonomic biogeography in microbial ecology similar to what has been done for example in plant ecology (Enquist et al., 2007; Savage et al., 2007) . This will aid in linking functional trait variation of microorganisms to ecosystem processes. Spatial analysis of abundance or diversity of functional microbial communities in soil have previously been investigated (Grundmann and Debouzie, 2000; Zhou et al., 2008; Bru et al., 2010) , but seldom in relation to soil ecosystem functioning. A few attempts have been made in studies focusing on nitrogen cycling communities. For example, the distribution of the fraction of bacteria with the genetic capacity to reduce N 2 O to N 2 was linked to areas with low potential N 2 O emissions in a pasture (Philippot et al., 2009b) . Enwall et al. (2010) further showed that a map of denitrication activity across an entire farm was reflected by maps displaying the community size and structure of a specific fraction of the denitrifiers at the site.
Since the fairly recent discovery that archaea, and not only bacteria, are capable of ammonia oxidation (Venter et al., 2004; Könneke et al., 2005; Treusch et al., 2005) , there has been a vivid interest in identifying the specific drivers of the ammoniaoxidizing bacteria (AOB) and archaea (AOA), and answering questions regarding their respective contribution to ammonia oxidation and ecosystem functions (Leininger et al., 2006; He et al., 2007; Chen et al., 2008; Shen et al., 2008; Tourna et al., 2008; Jia and Conrad, 2009; Mertens et al., 2009; Schauss et al., 2009) . Ammonia oxidation is the first and rate limiting step in the nitrification process, the oxidation of ammonium (NH 4 þ ) via nitrite (NO 2 À ) to nitrate (NO 3 À ) and is of great environmental and agronomical interest because of the conversion of the relatively immobile nitrogen form NH 4 þ to the highly mobile form NO 3 À leading to nitrogen losses from soil by run-off and leaching. Moreover, nitrification is also one of the terrestrial sources of N 2 O, which is a potent greenhouse gas with a global warming potential of c.a. 300 times that of the CO 2 (Conrad, 1996; IPCC Core Writing Team, 2007) . Because of these concerns and the role of ammonia oxidizers in nitrogen cycling in general, understanding the spatial distribution of the AOA and AOB in relation to ecosystem functioning and soil properties is important, especially in agro-ecosystems.
In this study, we present a comprehensive analysis of the spatial distribution and putative soil factor determinants of both the size and structure of the bacterial and archaeal ammonia-oxidizing communities across a 44-ha farm divided into an integrated and an organic farming system. A geostatistical approach was used to map and predict the spatial distribution of the AOA and AOB communities. We further examined how these spatial patterns and the soil properties were related to the distribution of the community function assessed as substrate-induced ammonia-oxidation (SIAO) rates and in situ ecosystem functioning in terms of nitrate leaching.
Materials and methods
Field site, soil sampling and nitrate leaching Logården research farm is located in Sweden (58120 0 N, 12138 0 E, altitude 50 m) and since 1991 the 44-ha farm has consisted of one integrated (26 ha) and one organic farming system (18 ha), each with an individual 7-year crop rotation that includes green manure leys and faba beans. The integrated farming system is managed by optimizing inputs, while the organic farming system is managed according to the Swedish criteria for organic farming and is entirely dependent on leguminous plants with symbiotic N-fixation for nitrogen supply. The soil type varies from a silty clay loam to silty clay soil of postglacial origin with an average clay content of about 40% and organic matter content of 2-3% (Supplementary Table S1 ).
Each farming system has fixed sampling locations, 51 in total for both systems, which are used in a monitoring program (Figure 1) . A total of 12 soil cores (20 mm diameter) were sampled at 10 cm depth at each of the 51 fixed locations in April 2007 and pooled into one sample per location. After sieving (4 mm) the soil physical and chemical parameters were determined and then the soil was stored at À20 1C according to recommendations by Stenberg et al. (1998) before analysis of SIAO rates and DNA extraction.
Each farming system is divided into seven fields and all 14 fields are equipped with separate drainage systems and wells, except fields C1 and C3 that have separate drainage in the west and east parts of the fields resulting in two wells in each of 
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Figure 1 Map of Logården experimental farm (44 ha) divided into an integrated crop production system (26 ha; samples 1-28; fields C1-C7) and an organic crop production system (18 ha; samples 29-56; fields B1-B7). Sample sites, field borders and numbers are indicated. Figure S1) . The height in the V was calibrated to a plastic cylindrical body hanging in a loading cell connected to a data logger. Discharge was calculated on a daily basis. Automatic sampling of water was carried out flowproportional; that is, for every 0.15-mm discharge a 10 ml sample was poured into a 10 l flask. The flask was emptied manually every second week and a sub-sample was taken for analyses after careful mixing of the 10 l sample. Total N concentrations was determined by oxidizing inorganic and organic N constituents by K 2 (SO 4 ) 2 þ NaOH to NO 3 À , which was analyzed by flow-injection analysis (Tecator AB, Höganäs, Sweden) according to the colorimetric Cd-reduction method (APHA, 1985) . Nitrate in the water was analyzed colorimetrically according to the method SS 028133-2 SS-EN ISO 13395-1 at an accredited laboratory.
Soil parameters
Total nitrogen (Tot-N) was measured as Kjeldahl-N (ISO 13878) and NO 3 À and NH 4 þ were extracted with 2 M KCl and determined with flow injector analysis. Total carbon was determined by dry combustion (ISO 10694). Dissolved organic carbon and dissolved organic nitrogen were extracted from 5 g of soil by adding 500 ml distilled water, shaking for 2 h, centrifugation at 2500 r.p.m. for 20 min and filtration (0.45 mm). The dissolved organic carbon was determined with a TOC Analyzer (Teledyne Tekmar, Mason, OH, USA) and dissolved organic nitrogen was calculated as the difference between Kjeldahl-N and NH 4 -N. The pH was defined in 0.01 M CaCl 2 (ISO 10390). Water content and dry weight (dw) was determined in all soil samples by drying for 72 h at 105 1C. The clay content in the top-soil was previously estimated using near-infra-red determinations calibrated from the particle size analyzed samples (Wetterlind et al., 2005) .
Substrate-induced ammonia oxidation (SIAO) rate
The SIAO rate was measured as accumulated nitrite according to a short incubation, chlorate inhibition technique (Belser and Mays, 1980; Torstensson, 1993) (ISO 15685) . In brief, 100 ml of 1 mM potassium phosphate buffer (pH 7.2) containing 0.4 mM (di)-ammonium sulfate and 15 mM sodium chlorate was added to 25 g soil that was incubated on a rotary shaker at 25 1C for 5 h. Aliquots of 2 ml were taken once every hour and the nitrite concentration was determined by flow injection analysis (FIA, Tecator AB). The SIAO rates were calculated by linear regression of the accumulated NO 2 À -N per g dw soil over time.
DNA extraction DNA was extracted in duplicate from a total of 1 g soil from each sample using the FastDNA SPIN for Soil Kit (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer's instructions. The two resulting DNA extractions per sample were pooled before further analysis. DNA was quantified by spectrophotometry at 260 nm using a BioPhotometer (Eppendorf, Hamburg, Germany).
Real-time PCR quantification of AOB and AOA amoA genes Real-time quantitative PCR of the amoA genes was performed to estimate the abundance of the ammonia -oxidizing bacterial and archaeal communities. The primers amoA-1F (5 0 -GGGGTTTCTACTGGTGG T-3 0 ) and amoA-2R (5 0 -CCCCTCKGSAAAGCCTTC TTC-3 0 ) were used for bacteria generating a 491 bp fragment (Rotthauwe et al., 1997) ; and CrenamoA23f (5 0 -ATGGTCTGGCTWAGACG-3 0 ) and CrenamoA616r (5 0 -GCCATCCATCTGTATGTCCA-3 0 ) were used for archaea generating a 628 bp fragment (Tourna et al., 2008) . Quantification was based on the fluorescence intensity of the SYBR Green dye in a total volume of 20 ml using Absolute QPCR SYBR Green Rox (ABgene, Courtaboeuf, France), 1 mM of each primer, 10 ng of soil DNA and 0.5 mg T4Gp32 (QBiogene, Illkirch, France), and reactions were performed in two independent PCR reactions in an ABI7900HT thermal cycler (Applied Biosystems, Carlsbad, CA, USA). All reactions were finished with a melting curve starting at 80 1C with an increase of 0.5 1C up to 95 1C. The PCR efficiency ranged between 83 and 100%. Standard curves were obtained using serial dilutions of linearized plasmids (pGEM-T) containing cloned amoA genes. Controls without templates resulted in values lower than the detection limit or negligible values. Inhibitory effects on PCR performance was tested for all samples by mixing a known amount of the pGEM-T plasmid with the soil DNA extracts or water before running a qPCR with the plasmid specific T7 and SP6 primers. The measured cycle threshold (C t ) values obtained for the different DNA extracts and the controls with water were not significantly different indicating that no inhibition occurred.
Terminal-restriction fragment length polymorphism (T-RFLP) analysis of AOB and AOA amoA genes PCR amplification of the amoA genes for the AOB and the AOA were done in duplicate for each sample using the same primers as for the quantification, except that the forward primer was labeled at the 5 0 end with hexachlorofluorescein (HEX). Each reaction was performed in a total volume of 50 ml containing 40 or 5 ng of soil DNA for AOB and AOA, Spatial patterns of AOB and AOA E Wessén et al respectively, 5 ml 10 Â PCR buffer, 0.4 mM of each primer, 200 mM (each) deoxyribonucleoside triphosphate, 2.5 U of Taq DNA polymerase and BSA was added to reach final concentrations of 800 ng ml -1 . The PCR was performed in a GeneAmp PCR System 9700 machine (Applied Biosystems, Singapore, Singapore) according to Rotthauwe et al. (1997) for the AOB, with the modification of only running 30 cycles, and according to Sahan and Muyzer (2008) for the AOA.
The duplicated PCR reactions for each DNA extract were pooled and divided in three portions after which the AOB amplicons were digested with 10 U of the enzymes AciI, Sau96I, and HpyCH4IV and the AOA amplicons were digested with 10 U of AciI, AluI and RsaI during 2 h according to the instructions provided by the manufacturer (New England Biolabs, Ipswich, MA, USA). The enzymes were selected based on results from pre-experiments with several different enzymes on the samples (data not shown). The resulting terminal-restriction fragment (TRF) patterns were evaluated using the software Peak Scanner v.1.0 (Applied Biosystems) and fragments smaller than 50 bp and contributing with o1% of the total signal were excluded from the subsequent analysis.
Cloning, sequencing and phylogenetic analysis of AOB and AOA amoA genes To confirm the phylogenetic affiliation of the AOB and AOA community members and identify specific TRFs in terminal-restriction fragment length polymorphism (T-RFLP) electropherograms, bacterial and archaeal amoA genes were cloned and sequenced using DNA pooled from all sampling locations. The PCR reactions for each gene were conducted in duplicate as described for the T-RFLP analysis of AOB and AOA amoA genes, but without HEXlabeled primers. The PCR products were gel purified using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen, Carlsbad, CA, USA). Two clone libraries were constructed for the AOB and AOA, respectively, and 96 clones of each group were sequenced by Macrogen Inc. (Seoul, Korea) with an ABI3730XL automatic DNA sequencer.
Nucleotide sequences were aligned using Geneious v5.0.4 (Biomatter Ltd, Auckland, New Zealand) with the ClustalW alignment algorithm (Thompson et al., 1994) . The final data sets included 90 and 92 AOB and AOA sequences with 453 and 603 bp, respectively. Sequences from pure cultures and uncultured environmental sequences identified by a blastn search (Altschul et al., 1990) were incorporated into the alignment. Maximum likelihood phylogenetic analyses were completed using the RAxML-VI-HPC BlackBox program v7.2.6 (Stamatakis, 2006; Stamatakis et al., 2008) on the CIPRES computer cluster from the online servers at the San Diego Supercomputing Center (http://www.phylo.org). The amoA sequences were in silico digested with the same enzymes that were used in the T-RFLP analysis and the resulting TRFs were compared with those generated in the in vitro analysis using Geneious. TRFs with differences p2 bp were considered as the same genotype.
Statistical analysis
Pairwise correlations between soil parameters, SIAO rates, nitrate leaching and abundance of AOB and AOA communities were done using Pearson's correlation coefficient or Spearman's rho, depending on whether data were normally distributed or not, (Pearson, 1896; Spearman, 1904) using XLSTAT Version 2009.5.01 (Addinsoft, New York, NY, USA). Relationships between the differences in the composition of the AOB and AOA communities and differences in soil parameters, SIAO rates and nitrate leaching were determined using the Mantel test (Mantel, 1967) . The Bray-Curtis distance measure was used for correlating distances matrices based on the relative abundance of TRFs with Monte Carlo simulations (999 randomizations). The structure of AOB and AOA communities based on the relative abundance of TRFs were also analyzed by non-metric multidimensional scaling (NMS), and the Bray-Curtis distance measure was used to generate dissimilarity matrices. Soil parameters, SIAO rates and data on nitrate leaching were incorporated into the analysis through the use of bi-plot ordinations where all variables were combined into a secondary matrix and plotted as vector fits against community composition ordinations. The data in the second matrix were relativized by dividing values within each variable by column totals. The NMS was run using a random starting configuration, a maximum of 250 iterations and an instability criterion of 0.00001 and performed on 200 runs with the real data and 200 runs with randomized data to test for the null hypothesis. The ordination was rotated to maximize variance explained by the different parameters included in the analysis. For a two-dimensional solution with the lowest possible stress value, a final run using the best starting configuration from the first run was performed. Both the Mantel tests and the NMS were done using PC-ORD version 5.10 (MjM Software, Gleneden Beach, OR, USA).
Geostatistical modeling and mapping
Moran's I index (Moran, 1950) was used to assess the presence of global spatial autocorrelation for the different variables. This was done for all data (n ¼ 51), as well as separately for the observations within the two different farming systems (Supplementary Table S2 ). Variables for the community structure were obtained by using the sample scores for the first axis in the NMS-analyses of the T-RFLP profiles for both the bacterial and archaeal amoA genes. The Z-score and P-value were estimated to evaluate the significance of the index. The variables were modeled geostatistically (Isaaks and Srivastava, 1989) when index values were significant (Z-score 41.96; Po0.05) using the software GS þ version 9 (Gamma Design Software, Plainwell, MI, USA) for the variogram analysis. The variograms were evaluated by cross-validation, that is, one sampling point was removed at a time and the variogram model was tested on the sample omitted. The root mean square error of prediction and the ratio of performance of deviation (RPD, that is, the s.d. divided by the root mean square error of prediction) were calculated for each parameter (Supplementary Table S3 ). Ordinary kriging, which is a technique for spatial estimation through which the selection of weights is made such that the estimation variance is minimized and the geographical information system ArcGIS 9.3 (ESRI Inc., Redlands, CA, USA) with the extension Geostatistical Analyst were used for interpolation and mapping.
Nucleotide sequence accession numbers
The amoA sequences for the AOB and AOA have been deposited in GenBank under accession number HQ638885 through HQ638974 and HQ638793 through HQ638884, respectively.
Results
Distribution of the AOB and AOA community size in relation to soil parameters The number of bacterial amoA genes was in the range of 5.6 Â 10 6 -1.7 Â 10 7 gene copies per g dw soil, whereas the crenarchaeal amoA genes varied between 8.8 Â 10 6 -6.0 Â 10 7 gene copies per g dw soil (Supplementary Table S1 ). This corresponded to 3.9 Â 10 2 -1.0 Â 10 3 and 6.3 Â 10 2 -4.1 Â 10 3 gene copies per ng DNA for the AOB and AOA, respectively. The AOB abundance was significantly higher in the integrated farming system compared with the organic farming system (Po0.05), but no significant difference was found between farming systems for the AOA abundance. The sizes of both the AOB and AOA communities expressed per g dw soil exhibited spatial dependence with autocorrelation ranging between 130 and 140 m across the 44-ha farm area (Figures 2a and b) . The patterns were patchy for both groups of ammonia oxidizers, although the AOA were more evenly distributed in the organic farming system. The spatial patterns of the AOA community size expressed per ng DNA (Supplementary Figure S2a) was nearly identical to patterns observed for the AOA expressed per g dw soil. However, for the AOB this similarity was only found in the integrated farming system because of the lack of spatial autocorrelation for the AOB community size expressed per ng DNA in the organic system (Supplementary Figure S2b and Supplementary Tables S2 and S3 ). The low RDPand Z-score values for all abundance data in the organic farming system (Supplementary Table S2) give the generated maps an uncertainty and thus, the spatial patterns in the integrated system were more robust. In the integrated farming system the highest abundances of AOB were predicted in the southern parts of the farm, whereas the lowest were observed in the central areas. Interestingly, the spatial patterns of the size of the AOA community displayed the opposite pattern with lowest abundance in the southern fields and increased community size in the central area. This was reflected in the spatial pattern of the AOA:AOB ratio, which largely followed that detected for the AOA abundance (Figure 2c ; Supplementary Tables S2 and S3 ). The AOA:AOB abundance ratio varied from 0.7 to 7.8 Figure 2 Kriged maps of the distribution of the AOB and AOA community sizes. (a) AOB amoA gene copy numbers (per g dw soil), (b) AOA amoA gene copy numbers (per g dw soil) and (c) ratio between AOA and AOB amoA gene copy numbers. Table S1 ) and no significant difference between the two farming systems was observed. Correlations between the bacterial and archaeal amoA gene copy numbers and the nine chemical and physical soil parameters measured at each sampling site revealed that different soil parameters were related to the size of the AOB and AOA communities indicating a niche differentiation between these two groups (Table 1) . Soil total carbon and Tot-N correlated positively to the AOB abundance (r ¼ 0.39 and r ¼ 0.28; Pp0.01 and Po0.05, respectively), whereas predicted clay content and pH correlated negatively to the AOA abundance (r ¼ À0.56 and r ¼ À0.33; Pp0.001 and Po0.05, respectively).
Spatial patterns of AOB and AOA
Distribution of the AOB and AOA community structure in relation to soil parameters The T-RFLP profiles of the amplified amoA genes from the AOB and AOA communities generated by each enzyme consisted of two to four dominant and several minor peaks. The average numbers of peaks in the stacked profiles of the three enzymes were 11 for the AOB and 12 for the AOA. The NMS ordinations of the T-RFLP profiles of bacterial and archaeal amoA genes revealed that the community structure of the AOB and AOA differed between sampling locations (Figure 3) . The analyses were supported by low final stress values (9.2 and 6.6), the Monte Carlo test (Po0.001; 999 runs) and the strong correlation between distances in the Table 1 Pearson's correlations (r) between SIAO, community size (qAOB, qAOA and AOA/AOB) and soil properties (Clay, pH, dw, -leaching 07) were incorporated in the analysis. Only those that were significant are shown. The arrow length is proportional to the strength of correlation and the orientation indicates the direction in which they have maximum correlation with the ordination configuration. The proportion of variance is represented by each axis, based on the r 2 between distance in the ordination space and the original space is indicated in addition to stress values (S). Supplementary Figures S3 and S4 , respectively.
The sample scores on axes 1 in the ordinations for the AOB (r 2 ¼ 0.76) and AOA (r 2 ¼ 0.59) communities were used as variables in the geostatistical modeling of the composition of the two communities, which are displayed in the kriged maps (Figure 4 ; Supplementary Tables S2 and S3). The AOB community composition differed in the integrated farming system between east and west and had a more patchy distribution in the organic system. These differences were not explained by the soil properties, but there was a tendency for a separation between the community structure in the organic and integrated farming system that correlated to the soils decreasing carbon content (total carbon) and increasing dw in the integrated system ( Figure 3) . When considering the differences in AOB community composition across all locations, the AOB correlated only weakly to differences in several soil properties with pH and soil dw having the strongest correlations (r Mantel ¼ 0.13; Pp0.01 and r Mantel ¼ 0.14; Pp0.01; Table 2 ). The AOA community composition was rather heterogeneous in the integrated system, but in contrast to the AOB it differed in a south-north direction. The variation in AOA community composition was small in the organic farming system. The distribution of AOA genotypes also correlated weakly with some differences in soil properties, mostly clay content and pH (r Mantel ¼ 0.17; Po0.05 and r Mantel ¼ 0.18; Pp0.01; respectively, Table 2 ).
Phylogenies of AOB and AOA amoA genes and identity of TRFs The distribution of the relative abundances of several dominant TRFs across the sampling locations differed along axes 1 (Supplementary Figures  S3 and S4 ), indicating that different bacterial and archaeal amoA genotypes were associated with the observed patterns. These differences prompted us to identify the dominant TRFs explaining the distributions. The phylogenetic analyses revealed that sequences obtained using the AOB primers were similar to environmental amoA clones related to Nitrosospira spp. For the crenarchaeal amoA sequences, two clones were in a well-supported group with Nitrosopumilis maritimus, while the others were grouped with Nitrososphaera gargensis (Supplementary Figures S5 and S6) . Except for one of the archaeal amoA sequences in the Nitrosopumilis maritimus lineage, each cloned sequence contained terminal restriction sites that could be Figure 4 Kriged maps of the AOB and AOA community structure based on the sample scores on axis 1 in the NMS analysis of the T-RFLP profiles of amoA genes (Figure 3) , thus, reflecting the community composition reduced to one dimension. (a) The AOB community structure. (b) The AOA community structure. The numbers in the panels refer to the scores on axis 1 in the NMS.
Spatial patterns of AOB and AOA E Wessén et al linked to a corresponding TRF in the community profile. Eight dominant AOB and AOA TRFs were identified to influence the analyses of the community composition of the two groups ( Supplementary  Figures S3 and S4 ). For example, in the heterogeneous integrated farming system, the AOB community composition in the western parts was related to the increased abundances of TRFs AciI-117 and Sau96I-168, while the east parts were dominated by AciI-129 and Sau96I-179 (Supplementary Figure  S3) . Samples at these eastern locations also had a low abundance of HpyCH4IV-417 TRFs. Sequences with TRFs AciI-117 and Sau96I-168 were found in a monophyletic group including the pure culture Nitrosospira sp. CT2F. However, TRFs AciI-129, Sau96I-179, but also Sau96I-168 were associated with sequences across the tree (Supplementary Figure S5) . For the AOA communities we could associate an increased abundance of TRFs AciI-203, AluI-166 and RsaI-296 with the upper west parts of the integrated farming system while AciI-380 and AluI-205 increased in the southern parts of this farming system (Supplementary Figure S4) . Sequences containing the upper-west associated TRFs were found in a clade containing only soil-derived clones, except AluI-166 that was also associated to the Nitrosopumilis maritimus lineage. By contrast, sequences containing the southern-associated TRFs grouped with clones from varying environments, for example, soil, sediment and river water.
Community and ecosystem functions: ammonia oxidation and nitrate leaching
The SIAO rates varied between 1.0. and 7.2 ng NO 2 À -N per g dw soil per min (Supplementary Table  S1 ). The activity exhibited spatial autocorrelations with rather similar rates distributed over the farm, except for the high rates observed in the southern parts of the integrated farming system ( Figure 5 ; Supplementary Tables S2 and S3 ). Even though the ammonia-oxidation rates were relatively similar between farming systems, there was a significant difference between the systems (Po0.0001) with a higher average rate in the integrated system, which was mainly explained by the higher activity found in the southern parts of farm.
The average amount of nitrate that had leached from the each field during the time period July 2004 to June 2008 ranged from 8.5 to 22.4 kg NO 3 À -N per ha per year and the average amount of Tot-N that had leached ranged from 11.5 to 28.5 kg NO 3 À -N per ha per year (Supplementary Table S1 ). This time period, flanking the sampling time, was used for data presentation to observe long-term trends by minimizing year-to-year variation within each field, which strongly depends on crop, fertilization and precipitation. During the year 2007 the amount of nitrate that had leached from the each field ranged from 2.5 to 22.5 kg NO 3 À -N per ha per year and the amount of leached Tot-N ranged from 6.5 to 26.9 kg NO 3 À -N per ha per year, thus being similar to the overall period that was observed (Supplementary Table S1 ). The average nitrate leaching varied between fields and in contrast to the ammoniaoxidation rates, less was being leached in the southern parts of the integrated farming system (Figure 6 ). The major fraction of the Tot-N in the drainage water was nitrate in both farming systems (Supplementary Table S1 ). This suggests that nitrification was occurring at the site, as the organic system was not fertilized with nitrate.
Possible correlations between ecosystem functioning, and abundance, activity and composition of the ammonia-oxidizing communities were explored to search for possible drivers underlying nitrate leaching (Tables 2 and 3 ). The SIAO rate was not related to differences in community composition of the Figure 5 Kriged map of the distribution of the SIAO rate (ng NO 2 À -N per g dw soil per min).
Spatial patterns of AOB and AOA E Wessén et al bacterial or archaeal ammonia oxidizers (Table 2) , but negatively related to the field averaged abundance of AOA (r ¼ À0.75; Pp0.001; Table 3 ). The average nitrate leaching based on values from the entire period or only the values from 2007 correlated negatively to the ammonia-oxidation rates (r ¼ À0.63 and r ¼ 0.57; Pp0.01 and Po0.01; Table 3 ). Interestingly, there was a positive correlation between nitrate leaching and the AOA abundance (r ¼ 0.67; Pp0.01; Figure 6 ) and AOA/AOB abundance ratio (r ¼ 0.54; Po0.05) and an even stronger correlation was found when data on nitrate leaching from only year 2007, corresponding to the year of soil sampling, were used (r ¼ 0.79; Po0.001 and r ¼ 0.65; Po0.01, respectively; Table 3 ). Moreover the differences in community composition of AOA, but not those of the AOB, were significantly correlated with differences in the average nitrate leaching during the entire period (r Mantel ¼ 0.18; Pp0.01; Table 2), which is supported by the vector fit in the NMS ordination (Figure 3 ).
Discussion
The size and structure of the AOB and AOA communities at the Logården site were not randomly distributed but instead exhibited spatial patterns, which could be mapped using geostatistical modeling. These results agree with previous work showing that AOB and AOA communities exhibit biogeographical patterns across terrestrial ecosystems at larger scales (Fierer et al., 2009; Bru et al., 2010) . Quantification of the size of the AOA and AOB communities at the Logården farm was, for most locations, consistent with previous studies showing a dominance of the AOA over the AOB (Leininger et al., 2006; He et al., 2007; Nicol et al., 2008; Shen et al., 2008) . Interestingly, using the data from Enwall et al. (2010) from the same sampling Table 2 The standardized Mantel statistics (r) of correlations between the dissimilarity matrices of community structure of AOB and AOA, ecosystem functions (NO C7  C6  C5  C4  C3W  C3E  C2E  C1W  C1E  B7  B6  B5  B4 Spatial patterns of AOB and AOA E Wessén et al occasion at the site, a significant correlation was found between the AOB and of the size of the denitrifying community harboring the denitrification gene nirK (r ¼ 0.37; Po0.007 (Pearson's) ). This is in agreement with the presence of nirK in the complete genomes of betaproteobacterial ammonia oxidizers (Jones et al. 2008) and the fact that the nirK-primers used by Enwall et al. (2010) amplify nirK also in Nitrosospira spp. (Garbeva et al., 2007) , but not in AOA (Bartossek et al., 2010) . The spatial patterns in the integrated farming system showed that the AOB abundance decreased when the AOA increased, indicating that AOB and AOA communities were influenced by different environmental factors. The correlations suggest that the AOB abundance was positively influenced by the soil carbon and nitrogen content, while the AOA abundance was negatively affected by increasing clay content and pH. As higher C and N content in the soil could lead to a higher mineralization rate and release of nutrients, our results imply that the AOB are favored in soils that are rich in nutrients. This is supported by recent works reporting that AOA are adapted to low-nutrient conditions (Erguder et al., 2009; Martens-Habbena et al., 2009) . In addition, AOB have been shown to be the predominating ammonia oxidizers in nutrient-rich environments such as activated sludge (Wells et al., 2009 ) and a sewage influenced marsh (Hö fferle et al., 2010) . They have also been proposed to be functionally more important in nitrogen-rich environments compared with the AOA (Di et al., 2009 (Di et al., , 2010 Jia and Conrad, 2009; Zhang et al., 2010) . The negative correlation between AOA and clay content could be indicative of AOA being less abundant in nutrient-rich environments, as clay soils have higher cation exchange capacity and bind more ammonium. Soil pH as a differentiating factor for the AOB and AOA habitats have been discussed previously, but there are conflicting results, with some studies showing a negative correlation to pH, as in our study , and others showing that the AOA are negatively impacted by low pH (He et al., 2007; Hallin et al., 2009; Jia and Conrad, 2009; Bru et al., 2010; Wessén et al., 2010) . Contradictory results concerning the effect of pH on AOA abundance could be explained by differences in the physiological diversity within the archaeal communities present in different soils.
The differences in the ammonia-oxidizer community structure at the different sampling locations and the different spatial distribution patterns for the AOA and AOB suggests that the environmental conditions driving the two types of ammoniaoxidizing communities were not the same. Although not obvious from the maps, the NMS ordination of the AOB communities shows a separation between the samples from the organic and integrated system. However, as the two cropping systems are not replicated and spatially separated, these differences could also be attributed to local factors at the sites. Abbreviations: AOA, ammonia-oxidizing archae; AOB, ammonia-oxidizing bacteria; Clay, predicted clay content; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; dw, dry weight; NS, not significant; SIAO, substrate-induced ammonia oxidation; Tot-C, total organic carbon; Tot-N, total nitrogen. a Spearman's correlations were used as data were not normally distributed.
Values in bold are statistically significant. ***Pp0.001; **Pp0.01; *Pp0.05.
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Only weak correlations were found between the AOB or AOA community structure and the soil properties, which suggest that the major environmental factors driving the AOA and AOB community composition were not captured. However, the east-west division between the two AOB subcommunities in the integrated farming system might be explained by historical events. The division largely follows the location of a small stream that was taken away in the 1970's, but set natural estate borders in the past that potentially would affect the eastern parts of fields C3-C6. We did not observe any field-specific patterns, indicating that possible effects of recent cultivation and management practices were overridden by effects of soil properties or farming history. The observed differences in community composition among the sites were explained by differences in the relative abundance of the dominant AOB and AOA genotypes and could be assigned to specific clades in a few instances. The increase of certain AOB genotypes (TRF AciI-117) in the north-west areas of the integrated system related to Nitrosospira sp.CT2F and the eastern parts of the same system was characterized by low relative abundance of genotypes (TRF HpyCH4IV-417) in the clade most closely related to Nitrosospira sp. B6. All the retrieved AOB sequences were similar to amoA genes within the genus Nitrosospira, which is the most frequently found betaproteobacterial ammonia oxidizer in soil (Kowalchuk and Stephen, 2001) . For the AOA, AluI-205-associated genotypes were all found in a monophyletic cluster and increased in the southern parts of the farm. These, and all but two of the retrieved AOA amoA sequences, were within in the Nitrososphaera gargenis cluster that commonly dominates in soil . To generate hypotheses on how microbial community structure and abundance are linked to ecosystem functions, we explored the relationship between observed patterns for the AOB and AOA communities and the related community and ecosystem functions, that is, the SIAO rates and nitrate leaching. Ecological regulation analysis, which quantifies to what extent biogeochemical fluxes are regulated by the abundance, diversity, or specic activity of the organisms performing the processes, has recently been discussed within the context of microbial ecology (Röling, 2007) . Even though hierarchical regulation that is, changes in gene transcription, mRNA translation or enzyme activity at the cell level seem important with respect to changes in fluxes, the author underlined the importance of community level analyses because of the difficulty in determining the biochemical flux through every single population. Taking the individual community members into account is also hampered by the difficulty in targeting all microorganisms performing the process because of primer bias, which is also true for ammonia oxidizers (Hornek et al., 2006) , but which does not prevent the application of regulation analysis (Röling, 2007) . At our field site the differences in AOA, but not AOB community composition was related to the differences in nitrate leaching, indicating that some organisms might be contributing more than others to the underlying activity ultimately resulting in nitrate leaching. Logically, the nitrate leaching should relate to the ammonia-oxidation rates as the nitrite produced through ammonia oxidation is further oxidized into nitrate by the nitrite oxidizers. However, we found a negative correlation between the measured rates and the nitrate leaching, which coincided with the AOA abundance being negatively correlated with the ammonia-oxidation rates and positively related to the amount of nitrate leaching from the site. A possible explanation for this discrepancy would be that the SIAO assay favors the activity of the AOB over that of the AOA due to the high concentration of ammonia. This is supported by studies showing that the AOB prefer to grow in soils with higher ammonia substrate concentrations, while the AOA prefer to grow under low ammonia substrate concentrations (MartensHabbena et al., 2009; Di et al., 2010) , as discussed above. As nitrate leaching is the result of nitrification in situ, we speculate that nitrate leaching from the site mostly reflects the ammonia-oxidizing activity of the AOA while SIAO rates reflect the AOB activity. Only a few studies have provided direct proof for the actual contribution of AOA or AOB to ammonia oxidation (Di et al., 2009; Jia and Conrad, 2009; Offre et al., 2009; Zhang et al., 2010) , and the discrepancies between these studies have been suggested to result from differences in the amount of available ammonia (Zhang et al., 2010) This further implies that the AOB and AOA are not active under the same conditions, again strengthening the idea of niche partitioning between the two groups. For a better understanding of N-cycling at the farm, we also analyzed the relationships between SIAO, nitrate leaching and potential denitrification rates using the data from Enwall et al. (2010) . However, no significant correlation was found, which could be due to limits in existing methods for measurement of these processes (Groffman et al., 2006) but also to the complexity of underlying regulatory mechanisms.
In conclusion, we have shown that bacterial and archaeal ammonia oxidizers exhibit spatial patterns at the hectare scale. The contrasting distribution patterns of AOB and AOA abundances in addition to that soil parameters were differentially correlated with the sizes of these communities indicated niche differentiation between the two groups. This is further supported by the different distributions of AOB and AOA genotypes across the sampling locations. We also showed that the two communities were related differently to community and ecosystem functions and suggest that the AOA were responsible for nitrate leaching through conversion of ammonia to nitrate via nitrite in the studied agro-ecosystem. Findings in this study are part of a first step in identifying the 'meta-habitat' of ammoniaoxidizing communities at a scale compatible with management strategies in relation to ecosystem functioning.
